Although a critical role of adaptive immune system has been confirmed in driving local and systemic inflammation in type 2 diabetes and promoting insulin resistance, the underlying mechanism is not completely understood. Inflammatory regulation has been focused on innate immunity especially macrophage for a long time, while increasing evidence suggests T cells are crucial for the development of metabolic inflammation and insulin resistance since 2009. There was growing evidence supporting the critical implication of T cells in the pathogenesis of type 2 diabetes. We will discuss the available effect of T cells subsets in adaptive immune system associated with the procession of T2DM, which may unveil several potential strategies that could provide successful therapies in the future.
Introduction
Type 2 diabetes mellitus (T2DM) is characterized by impaired insulin secretion, glucose intolerance, and hyperglycemia. T2DM is widely viewed as a chronic, low-grade inflammatory disease caused by long-term immune system imbalance, metabolic syndrome, or nutrient excess associated with obesity [1, 2] . In addition, T2DM associated complications in the kidneys, arteries, and eyes are also manifested by inflammatory process [3] . Therefore, inflammation is considered as a major driving force in T2DM and associated complications.
Inflammation was first linked to insulin resistance and diabetes in the early 1990s. Hotamisligil et al. reported an increase of TNF-in adipose tissue from different animal models of obesity and diabetes. Neutralization of TNF-in obese rats improved peripheral glucose uptake [4] . Studies have indicated that other inflammatory cytokines such as IL-1 and IFN-which are increased in obesity and diabetes also modulate insulin signaling [5, 6] . On the other hand, a number of anti-inflammatory cytokines, such as IL-4 and IL-10, have been associated with the protection of insulin sensitivity [7] . Macrophages are the major inflammatory cell type in the glucose-utilizing tissues such as adipose tissue and liver. For example, macrophage in the adipose tissue increased from ∼5% in lean subjects to a level of up to 50% of all adipose tissue cells in obese individuals [8, 9] . Therefore, early studies on inflammatory regulation of diabetes have been focused on innate immune function. Recent studies, however, suggest adaptive immune system, especially T lymphocyte, also plays a pivotal role in the pathogenesis of T2DM. There has been a rapid growth in our understanding of the role of T cell in the pathogenesis of T2DM in recent years, necessitating a timely review on this topic. In the review, we will discuss the functional involvement of T cells in the pathogenesis of T2DM, especially the regulatory effects of T cells on chronic inflammation.
Th1 and Th2 Cells
Increasing evidence suggests a pathological role for CD4+ T cells in obesity and insulin resistance. Obesity is a major critical risk factor for T2DM. A recent study by Shirakawa et al. demonstrated that activated CD4+ T cells (CD4 + CD44 hi CD62L lo ) increased in the visceral adipose tissue of obese mice. These cells also expressed PD-1 and CD153 and displayed characteristics of cellular senescence [10] . It has also been shown that obesity induces MHC class II expression on adipocytes and thus activates CD4+ T cells to initiate adipose tissue inflammation [11] . These studies suggest CD4+ T cells may play an important role in obesity and obesity-induced insulin resistance.
CD4+ effector T cells can be further divided into proinflammatory Th1, Th17, and anti-inflammatory Th2 and Foxp3+ regulatory T cell (Treg) subtypes based on their functionality and cytokine production [12] . Once activated, Th1 and Th2 cells show many of the significant signs of inflammation, such as releasing large amount of cytokines. Th1 cells could produce interferon-(IFN-) gamma, interleukin-2 (IL-2), and tumor necrosis factor-(TNF-) beta, triggering cellmediated immunity and phagocyte-dependent inflammation [12] . Th2 cells, in contrast, produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13 to regulate antibody responses [13] . Studies have shown that Th1 and Th2 cells had a key functional role in regulating inflammatory process, although they are activated later than macrophages in inflammation [14] [15] [16] .
It is widely accepted that macrophage activation is affected by T cells. T cells play a dominant role in promoting or sustaining inflammatory processes and insulin resistance through inducing proinflammatory cytokines in metabolic organs, such as the adipose tissue, liver, muscle, and pancreas. Macrophages are the major inflammatory cells in the adipose tissue in obesity, increasing from 5-10% in lean subjects to up to 50% in obese individuals [8, 9] . Based on their cytokine production and activation conditions, adipose tissue macrophages are categorized into two populations, proinflammatory M1 (classically activated macrophage) and antiinflammatory M2 (alternatively activated macrophage). M1 macrophages release proinflammatory cytokines including TNF-, IL-6, and IL-1 , which contribute to the local and systemic inflammation [16] . In contrast, M2 macrophages secrete IL-10, which could inhibit the activity of most proinflammatory cell types including M1 macrophages [16, 17] . IL-10 has been shown to suppress TNF-by interacting with the p38/MAPK pathway [17, 18] . Th1 cells could secret IFN-to promote M1 polarization and enhance its proinflammatory functions by inducing the release of IL-1, IL-6, and TNF-. In contrast, Th2 cells could produce anti-inflammatory IL-4 and IL-13 to skew the differentiation of macrophage towards M2 [19, 20] . In diet-induced obesity, CD4+T cells were increased in the adipose tissue and induced the recruitment and differentiation of TNF--secreting M1, while the number of IL-10-secreting M2 reduced in the adipose tissue [21] . These findings suggested the macrophage polarization of proinflammatory M1 versus anti-inflammatory M2 was viewed as a key factor in the development of obesity and T2DM [17] . Therefore, Th1 and Th2 responses, which are closely related to M1/M2 polarization, may also have a critical role in obesity and T2DM.
Several clinical studies have confirmed that Th1 was upregulated in the adipose tissue and peripheral blood from the individuals with prediabetes or T2DM [22] . Zeng and coworkers reported an imbalance of CD4+ T helper cell subsets including Treg, Th1, and Th17 in the patients with T2DM [23] . In contrast, naive CD4+ T cells were reported to decline in the patients with T2DM, which may be associated with adaptive immune activation and chronic inflammation during the pathogenesis of T2DM [24] . Similar findings were observed in lymphocyte-deficient mice, which displayed a less severe phenotype of insulin resistance on short-term high-fat diet [25] . Th1 and CD8+ lymphocytes in the adipose tissue were significantly increased in response to a highfat diet, while anti-inflammatory Th2 and Treg cells were decreased [26] .
CD4+ helper T cells also play a critical role in a series of complications associated with T2DM. Activated T lymphocytes and the inflammatory cytokines increased in the kidneys in patients with T2DM [27, 28] . Experimental evidence indicates that the activation of Th2 cell-mediated immunity is delayed and impaired in diabetes [29] . It has been shown that Th1-associated cytokines induce hyperinflammatory response and subsequently lead to progressive innate immune response [30] . It is reported that the circulating levels of Th1-associated cytokines increased in diabetic patients [30] . The levels of T cell-related cytokines such as IL-10 and IL-17 were significantly higher in patients with T2DM, suggesting an involvement of T cells in diabetes [31] . In consistency, oral anti-CD3 plus glucosylceramide (an NKT cell target antigen) treatment was shown to induce the production of IL-10 and TGF-, which was associated with improved fasting glucose, visceral adipose tissue inflammation, liver enzymes, and hepatic steatosis in ob/ob mice [32] . These findings suggest both Th1 and Th2 are closely associated with insulin resistance and chronic inflammation in T2DM.
Th17 Cells
Th17, an important proinflammatory CD4+ T cell subtype secreting IL-17, has also been associated with T2DM [33, 34] . A recent study examined the differentiation of different CD4+ T cell subsets in T2DM by analyzing the cytokine production by PBMCs [35] . The results demonstrated that Th17 cells increased in T2DM patients and might be associated with dysregulated lipid metabolism [35] . Studies have shown that IL-17 could stimulate the production of TNF-, the first cytokine being associated with obesity and insulin resistance. It is reported that intestinal Th17 cells may induce AMPs, specifically Reg3b and Reg3g, contributing to increased intestinal permeability in high-fat diet-fed mice [35, 36] . Th17 has also been shown to increase in diabetic complications such as diabetic nephropathy [28] . The function of Th17 cells could not be ignored in the progress of complications associated with T2DM. The result showed that Th17 counts and Th17/Treg ratio increased in diabetic nephropathy patients compared with healthy individuals and diabetic patients without nephropathy [28] . The adipose tissue (AT) DCs isolated from obese animals and humans were associated with the differentiation of Th17 cells in vitro [37] . However, the interaction between DCs and Th17 cells have not yet been identified in AT from lean or obese animals [38] . Whether CD103 DCs can regulate obesity-induced inflammation in AT by influencing the balance of Treg and Th17 cell differentiation in vivo remains unknown [38] .
IL-22 is produced by Th17, the second product downstream of IL-6 and IL-23. It was shown that the microphages from AT could express the IL-22 receptor (IL-22R) and respond to IL-22 to secret more IL-1b, promoting AT inflammation [39, 40] . It is interesting whether IL-22 associated metabolic effects in mice could apply to humans. Both IL-17 and IL-22 indicate that Th17 may play an alternative role of "protective" and "destructive" in T2DM development [41] .
Regulatory T Cells
Treg cells, a small subset of T lymphocytes constituting only 5-20% of the CD4+ compartment, are thought to be important to prevent excessive inflammatory responses and limit tissue impairment [42, 43] . Typically, they regulate the response of other T cell subtypes but can also influence the activities of innate immune cells [44, 45] . Treg cells are characterized by high-level expression of a fork head/wingedhelix transcription factor, Foxp3. Some studies showed that the relative proportion of Th1 to Foxp3+ cells was positively correlated with body mass index (BMI) [46] . A higher proportion of Treg was observed in lean mice [19, 46] . Fat-resident regulatory T cells were commonly observed in close proximity to monocytes or macrophages, which imply potential links with fat associated monocytes or macrophage [19] . The CD62L+ CD44− naive CD4+ T cells were increased in aged fat-specific Treg knockout mice, but there were no significant differences in the levels of inflammatory cytokines in serum, such as TNF-, IL1 , IL6, IFN-, and IL17, compared with wild type mice [19] . Treg cells were higher in the fat versus spleen and lung detected by intracellular staining for IL-10 protein [19] . Because the expression of IL-10 receptor was upregulated in fat Treg cells, it seems the Treg cells not only produced IL-10 but also responded to it [19] .
In T2DM, Treg cells could suppress Th1, Th2, and Th17 response to improve insulin resistance. Treg could inhibit the inflammatory response by various pathways, such as surpassing cytokine secretion, modulating the microenvironment, and changing the expression of surface receptors [47] . The appropriate balance between proinflammatory (Th17 or Th1) and anti-inflammatory (Treg) subsets of T cells is vital to maintain host immunity and control inflammatory damage [48] . It was found that the amount of Treg cells decreased in patients with T2DM [46] . Zeng et al. also reported that Treg/Th17 ratio and Treg/Th1 ratio decreased in patients with T2DM [49] . Further analysis suggests peripheral induced Treg but not natural Treg produced in the thymus reduced in T2DM, possibly due to decreased bcl2/bax and low HDL level [49] .
Previous study has demonstrated that the expression of CD39, an ectoenzyme highly expressed in Treg cells, increased in CD4+ lymphocytes from T2DM and obese patients [50] . Adenosine triphosphate could be hydrolyzed by CD39 and adenosine diphosphate into adenosine monophosphate (AMP), which subsequently converted into a T cell suppressive metabolite adenosine by CD73 [50] . CD39 was confirmed to be associated with the stability and the suppressive function of Foxp3+Treg cells. T2DM patients with obesity showed a significantly lower level of CD39
hi Treg compared with overweight controls [51] . It was reported that PD-L1, CD25, and cytotoxic T lymphocyte-associated protein-4 (CTLA-4) levels were higher on the surface of CD39
hi Tregs, compared with CD39 low Tregs [51] . In addition, CD39
hi Tregs could produce more IL-10 than CD39 low Tregs [51] . Adenosine and its analogues have also been demonstrated to promote lymphocyte apoptosis through the A2A receptor, indicating Tregs in diabetic patients may be more susceptible to apoptosis [52] .
CD8+ Cytotoxic T Cells
The inflammation of adipose tissue is considered as a key event leading to the metabolic syndrome, diabetes, and atherosclerotic cardiovascular disease. It was reported that, within two weeks of high-fat diet feeding, the CD8+CD4− T cells were significantly increased in C57BL/6 mice [21] . The amount of CD8+CD4− T cells kept increasing until 15 weeks. In contrast, Treg cells and CD4+ T cells were reduced upon high-fat diet [21] . Unlike in wild type mice, there were no significant increases in the M1 or M2 macrophage fraction in CD8-deficient mice under high-fat diet although both body weight and epididymal fat mass significantly increased on high-fat diet [21] . More importantly, it was shown that CD8+ T cells were essential for induction of macrophage activation and migration to adipose tissue by secreting MCP-1, MCP-3, and RANTES (regulated on activation, normal T cell expressed and secreted) [21, 53] . These studies indicate that CD8+ T cells were crucially involved in evoking inflammatory cascades in obese adipose tissue.
Recent clinical studies also reported that the level of IFN-produced by CD3+ T cells was positively correlated with BMI in patients with T2DM. Another research indicates that CD8+ T cells increased in both the small bowel and colon in some obese individuals, compared with lean humans [54] . This study also showed the level of IFN-produced by CD8+ T cells increased in obese individuals [54] . The increased intraepithelial CD8+ T cells may have the potential to modulate the insulin sensitivity of enterocyte [54] .
CD137-CD137L interaction contributes to CD8+ cytotoxic T cell proliferation and secretion of IFN-, TNF-, IL-2, and IL-4 [55, 56] . The expression of CD137 was upregulated in obese humans and mice [56] . CD137-CD137L could promote monocyte and T cell recruitment to the adipose tissue [57] . The inflammation in adipose tissue decreased in CD137 −/− mice, but glucose tolerance was strengthened [58] . Therefore, CD137 contributes to abnormal glucose and lipid metabolism, which may involve the expansion and activation of CD8+ T cells.
6.
T Cells T cells could produce IL-10 and IL-17 [59] . In addition, they also secret TNF-to regulate the activation of CD8+ T cells [60] .
Obesity is an important risk factor for chronic inflammatory diseases, such as T2DM and cardiovascular disease [61] .
T cells have been suggested to play a critical role in chronic inflammatory disease. It was found that obese patients exhibited a decreased level of V 9V 2 T cells and the level of secreting IFN-was also declined. These V 9V 2 T cells could prefer to differentiate mature T effecter memory cluster of differentiation 45RA (CD45RA+) cells, indicating T cells are also involved in inflammation in obesity and diabetes [62] . A recent study reported that IL-2 treatment rescued V 9V 2 T cell cytokine production [63] , which provides a novel insight into the pathogenic role T cells in the development of T2DM.
iNKT Cells
Previous studies have demonstrated that circulating natural killer cells (iNKT cells) were decreased and their function was suppressed in obese individuals, compared with lean individuals [64] . It has been identified that iNKT cells are enriched in human and murine adipose tissue [65, 66] . iNKT cells could recognize lipid antigens presented by CD1d but not peptide through MHC molecules in the innate immune system [67, 68] . Further investigation has been shown that adipose iNKT cells are a tissue resident with little influx from the circulation and play an important anti-inflammatory regulatory role in congenic parabiotic mice [69] . However, adipose iNKT cells are obviously decreased in obesity [65, 66, 70] . iNKT cells can regulate the cross talk between innate and adaptive immunity as potent transactivators. Most studies reported that iNKT cell-deficient mice have worse metabolic disorder and weight gain [65, 66, 70, 71] . -Galactosylceramide ( GalCer), a potent lipid ligand, could activate iNKT cell. It is shown that injection of GalCer in obesity increases the iNKT cell amount and induces weight loss rapidly, anti-inflammatory macrophage differentiation, and reversal of glucose and insulin sensitivity without hypoglycemia [72, 73] . The majority of findings suggest that iNKT cells in AT play a critical role in regulating local inflammation and protecting against metabolic disorder in obesity [74] .
Conclusion
In conclusion, there is increasing evidence linking the activation of T lymphocytes to T2DM. Due to the importance of inflammation in the development of insulin resistance, T2DM is now considered as an autoimmune disease [75] . Understanding the role of specific immune cells and proinflammatory molecules in obesity and diabetes is required for developing novel therapeutic approaches to modulate metabolic inflammation and insulin resistance.
